: Monophasic Action Potential Duration During Programmed Electrical Stimulation. To examine changes in monophasic action potential duration (APD) with a pacing protocol similar to that used during eiectrophysiological testing, action potentials were recorded in vivo from the left ventricular apical endocardium of 12 normal mongrel dogs. Tiie afrioventricular node was ablated and the dogs paced from the anterior right ventricle at a baseline cycle length of 1000 ms between interventions. Mean steady-sfate APD (APD^^) was 266 ± 7 ms at a pacing cycle length fPCL) of 1000 ms. Two pacing protocols were used. The first consisted of a sudden acceleration in pacing from a cycle length of 1000 ms to one between 300 and 600 ms. The second consisted of an 8-beat train at a cycle length of 400 ms followed by a premature beat at a coupling interval of 280 ms followed by a pause. The inter-train pause varied between 1 second and 32 seconds. With a sudden acceleration in pacing rate, sfeady-state values for APD at the faster PCLs were significantly smaller than APD^s at 1000 ms with a change to cycle lengths of 600 ms (247 ± 29 ms), 500 ms (229 ± 21 ms], 400 ms (220 ± 17 ms). and 300 ms [203 ± 3-i ms; P < 0.01 for all comparisons). The time constant of the change in APD was shorter at a PCL of 300 ms (14.9 ± 0.8 s) than 600 ms (20.3 ± 4.7 s; P < 0.05). With drive train pacing and incorporating an inter-train pause, the percent drop in steady-state APD compared to APD for the first train ranged from 10.1% with a 1-second inter-train pause to 2.1% with a 32-second pause. The difference in APD between the first drive train and drive trains after at least 3 minutes of pacing when APD had stabilized was not significant for an inter-train pause exceeding 8 seconds. In conclusion: (1) with a sudden acceleration in pacing rate, endocardial APD in vivo decreases exponentially. The faster the new rate, the shorter the new steady-state APD and the shorter the time constant. (2) When pacing using an 8-beat drive train and an inter-train pause, there is a decrementai shortening in APD for pause lengths shorter than 36 seconds. Thus, while performing programmed stimulation using a pause, a conditioning period of at least 2 minutes should be used prior to diastole scanning to allow APD to achieve a steady stale. (PACE,
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state APD is characteristic of the frequency of stimulation and is directly related to the diastolic interval."' During clinical or experimental studies, a stimulation protocol consisting of 8 stimuli at twice diastolic threshold (8 Si) followed by one or more extrastimuli and a pause between drive trains is frequently used to study the refractory period in the ventricles and to perform programmed oleGtrical stimulation. Based on the previous observations, it would be predicted that the steady-state APD after several drive trains will depend on the inter-train pause length; the longer the pause, the lesser the cumulative effect of successive drive trains. However, APDs during programmed stimulation have not been well characterized.
The purpose of this study was to examine APD during programmed stimulation and to compare the steady-state APD during constant cycle length pacing to pacing with an inter-trSin pause with a stimulation protocol similar to that used in electrophysiology studies.
Methods and Materials

Experimental Set-Up
Experiments were performed on 12 mongrel dogs weighing between 15 and 30 kg. The animals were anesthetized with pentobarbital administered intravenously, intubated with an endotracheal tube and ventilated with room air using a volume ventilator. The chest was opened with a mid-sternal incision and the pericardium incised to expose the heart. Fifty joule shocks were delivered between the aorta and the tricuspid valve to ablate the atrioventricular node in order to allow for external control of ventricular rate. Pacing was performed at twice diastolic threshold from the right ventricle using a bipolar electrode at rates varying between 300 and 1000 ms.
Monophasic action potentials (MAPs) were recorded from the left ventricular endocardium using a contact electrode.^'^^ Contact action potential recording, which has been shown to provide a useful insight into some important electrophysiological properties of myocardial cells,"^"î s easier to obtain than intracellular recording. Furthermore, it is less prone to cause irreversihle tissue injury than recording with suction electrodes.'Ê lectrocardiographic (ECG) surface leads and endocardial MAPs were simultaneously amplified and displayed on a multichannel oscillographic recorder (Model VR-12, Electronics for Medicine, Pleasantville, NY. USA) with differential input impedance of 1 MH and a frequency response of 0.05 to 500 Hz. Endocardial signals were also recorded on FM magnetic tape (Model 3968A, Hewlett Packard, Andover, MA, USA] with a frequency response of DC to 1250 Hz at a tape speed of 3 and % in/s for subsequent playback and offline computer acquisition and analysis.
The digital data acquisition system has been descrihed elsewhere.'^ Briefly it consisted of a Macintosh II microcomputer with 5 megabytes of memory, a 40 megabyte hard disk, and a 600 megabyte optical drive for permanent data storage. Data acquisition was performed using the MacADIOS plug-in board (GW Instruments, Somerville, MA, USA), a 12-bit analog-to-digital (A/ D) converter with 5-^LS acquisition time. The MacADIOS memory board is mapped into the Macintosh II memory for direct memory access. Input-output operations can thus be accessed by user-written assembly language or a high level language.
A software slope detector was designed for recognition of individual MAP onsets. The program searches for a location where the slope over a 10-point sliding window exceeds a preset threshold level. Thus a point on the initial upstroke of the action potential is identified as onset of activation. APD was computed using a tangent technique previously developed in our laboratory.^^ The techniqne replicates hand measurements of APD, which consisted in manually extending the repolarization phase of the action potential until intersection with the baseline. ^^"^Â PD is thus found by measuring the time interval from the onset of activation to the intersection point.
Pacing Protocols
Two different pacing protocols were used in this study. The first (protocol A) consisted of a sudden acceleration in pacing cycle length (PCL) to a new faster rate (PCLf). Pacing was performed MONOPHASIC ACTION POTENTIAL DURATION DURING PROGRAMMED ELEGTRIGAL STIMULATION for 3 minutes and PCLf varied on successive trials from 600 to 300 ms in 100 ms decrements. The second (protocol B) consisted of successive trains [8 Si at 400 ms followed by a premature at 280 ms) separated by an inter-train panse. The pause length was set at 1, 2, 4, 8. 16, and 32 seconds on successive trials. Animals were paced at 1000 ms during the inter-train pause and data were also acquired for a period of at least 3 minutes. In both protocols, at least 5 minutes were allowed to elapse between interventions to allow a return of APD to baseline. Although APD with a sudden acceleration in pacing rate has been previously studied, the goals of this protocol were to: (a) compare APD during constant cycle length pacing to pacing with an inter-train pause in the same experiments; and to (b) examine the rate of change of APD during a sudden acceleration in stimulation frequency.
Data Analysis ss at 1000 ms and steady-state APDs for different fast cycle lengths from protocol A were compared using ANOVA. The steady-state APD was obtained by averaging the APD for at least 100 MAPs. In the case of protocol B. APD of the first train and end-of-train APD after 3 minutes of pacing were compared for different pause lengths using ANOVA. End-of-train APD was computed using the average of beats 7 and 8 in each train. In addition, end-of-train APD after 3 minutes of pacing was compared to steady-state APD during fixed rate pacing at a cycle length of 400 ms using ANOVA. In all cases, a P < 0.05 was considered as significant.
Time constant values were obtained using a linear regression analysis on the natural logarithm of APD, thereby modeling the time course of APD change as a trne exponential. APD values were normalized by subtracting the steady-state value and then a linear regression was performed on the natural logarithm of the APD for the first minute at the new stimulation rate. The slope of the regression line is then the inverse of the time constant of the exponential decay of the APD: APD = APD(t) -APD(steady state) = APD(t = 0).e-'l n(APD) = (-1/T)t + constant In both pacing protocols (fixed pacing and pacing with an extrastimulus followed by a pause), 50 to 60 seconds ufortb of data points were used for the regression analysis immediately following the start of tbe corresponding protocol. Oscillation in APD was established whenever the variation in APD over 3 successive beats exceeded 2 standard deviations of our automated analysis system,^^ or 5 ms. 
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Results
Change in APD with Sudden Shift to a Shorter PCL
As expected, when the PCL was changed from 1000 ms to a faster cycle length, there was a decrease in APD with time. Figure 1 shows an example of the change in APD with a shift in PCL from 1000 ms to 400 ms. A plot of APD versus time following a sudden shift to a PCL of 400 ms in another experiment is shown in Figure 2 . At the start of pacing at the new frequency (400 ms], there is a sharp drop in APD followed by a more gradual decrease until a steady state is reached after 80 seconds. APD change following a shift in PCL is summarized in Table 1 . As can be seen in Table I , as PCLf is shortened, there was a significant decrease in steadystate APD. Compared to APD at a cycle length of 1000 ms, the percent drop in APD ranged from 9.5% at 600 ms to 26.4% at 300 ms. APD during stimulation at 1000 ms did not change significantly over time. Figure 3 represents the steadystate APD at PCLf of 300, 400, 500, and 600 ms.
The time course of decay of APD with time was characterized hy two parameters, the time to reach steady state or Us, and the time constant of decay. The time to reach steady state, t^s, was determined by finding the time interval from start of pacing at the fast cycle length to the time when the APD versus time curve is within 1 standard deviation from steady-state APD.'^ Values for U>, were 40.8 ± 29.6 seconds, 50.4 ± 22.8 seconds, 51.0 ± 32.5 seconds, and 52.8 ± 14.8 seconds for PCLs of 300, 400. 500, and 600 ms, respectively (P = NS for all comparisons). Figure 4 shows the technique used to deduce the time constant of decay of APD with time using an exponential curve fit. The linear curve fit of the natural logarithm of APD for the first 50 seconds at the new PCL provides an estimate of the time constant of decay, the slope of the line being the inverse of the time constant in seconds. As shown in Tahle I, the time constant decreased from 20.3 seconds at 600 ms cycle length to 16.3 seconds at 400 ms and 14.9 seconds at 300 ms (P < 0.01). The time constant value at 500 ms was 17.5 ms [P = NS vs time constant at 600 ms cycle length). Regression values (R^) ranged from 0.70 to 0.95.
Change in APD with Drive Train Pacing Incorporating an Inter-Train Pause
Following a shift from fixed pacing at 1000 ms PCL to pacing at a cycle length of 400 ms with inter-train pause, APD decays progressively until reaching a new steady-state value. Figure 5 displays a digitized plot of MAPs at the end of pacing at 1000 ms and at the beginning of drive train pacing with a premature and a pause. Figure 6 is a plot of the change of APD with time using a 1-second pause between trains. Time courses of basic drive, premature, and postpremature beats are shown.
With pause lengths of up to 8 seconds, APD progressively decreased with an increasing number of drive trains (Table II) . Compared to APD of the first train, the percent drop in end-of-train APD after 3 minutes of pacing ranged from 10.1% with a 1-second inter-train pause to 2.1% with a 32-second pause. The change between APD of the first train and end-of-train APD after 3 minutes of pacing was not significant for an inter-train pause exceeding 8 seconds.
The time course of decrease in APD with successive drive trains is shown in Figure 7 with respect to APD of the first drive train for each individual cycle length. As with fixed rate pacing, the time course of decay of APD was characterized hy a time constant and a time to reach steady state. Values for tss increased from 50.4 ± 22.8 seconds with no inter-train pause to 50.8 ± 16.8 seconds, 55.9 ± 13,4 seconds, and 56.2 ± 14,6 seconds with pauses of 1 second, 2 seconds, and 4 seconds, respectively. However, comparisons did not reach significance.
The technique used to determine the time constant of decay of APD was similar to the one used in the case of fixed rate pacing. Time constant values were longer at greater pause lengths. During pacing without a pause, the mean time constant at a PCL of 400 ms was 16.3 ± 3.3 seconds. With pauses of 1 second. 2 seconds, and 4 seconds the mean time constants were 21.0 ± 7.6 seconds, 25.3 ± 4.5 seconds and 28.0 ± 9.9 seconds, respectively. Differences hetween pacing without a pause and pacing with 2-second and 4-second pauses as well as the difference hetween 1-second and 4-second pauses were significant at the 0.05 level. Time constants for pause lengths exceeding 4 seconds were not computed hecause of the small numher of data points owing to the large pause.
Oscillations in APD
Damped oscillation in APD with fixed rate pacing and following a sudden shift to a faster cycle length occurred in 4 out of 29 cases (13.8%). The occurrence rate of oscillation was higher with the fastest cycle lengths (60% with a shift to 300 ms PCL. 11% with 400 ms PCL, and 2% with 500 and 600 ms PCL). Persistent oscillations were not observed.
During drive train pacing with inter-train Figure 8 shows the APD of all 8 heats of a drive train taken from one experiment with an infer-train pause length of 1 second and demonstrates oscillation of APD within the drive train. The percent of drive trains exhibiting oscillation ranged from 3% to 27% (mean 12 ± 6%). The occurrence rate of oscillation was 9% with a 1-second pause, 17% with pause lengths of 2 and 4 seconds, 11% with an 8- Beal Number Figure 8 . Example of damped oscillations in drive train APD (8 S, at 400 ms) following pacing af 1000 ms observed in one experimenl. Inter-train pause length was 1 second. This pattern, although infrequent, was sustained over the next several drive trains when if did second pause, 8% with a 16-second pause and 6% with a 32-second pause. However, none of these differences was significant. No attempt was made to control the diastolic interval in order to systematically correlate it with the occurrence of oscillation. Within the observed range of coupling intervals of the first heats in the drive trains, there was no correlation between the diastolic interval preceding those beats and the onset of oscillation in APD. However, there was not a wide enough range of observed coupling intervals to draw any definitive conclusions. It was interesting to note that, when oscillation did occur during one drive train, it was sustained over the next several trains with almost identical patterns of oscillation. The amplitude of oscillation ranged from 8 ms to 15 ms (mean 12 + 2 ms).
Variation in APD of Premature Beats
Changes in APD of the premature beats (Table  III) behaved in a similar fashion to APD of the drive train beats. Tahle III shows the change in the APD of the premature beats with inter-train pause length. APD of premature beats dropped significantly with an increase in the number of drive trains for inter-train pause lengths of 1, 2, 4, and t P < 0.05 with respect to premature APD after 3 minutes of pacing 8 seconds (P < 0.05 between premature in the first train and that after 3 minutes of pacing). Comparisons were not significant at pause lengths equal to or exceeding 16 seconds.
Variation
Comparison of Change in APD During Pacing With and Without Pause
In order to determine the effect of the introduction of a pause on the time course of APD, we compared the steady-state value at a fixed PCL of 400 ms (protocol A) to that obtained with protocol B (8Si at 400 ms, S2. followed by a pause). Steadystate APD at 400 ms PCL was 215 ± 11 ms, whereas end-of-train APD with pauses after 3 minutes of pacing increased from 223 ± 17 ms with 1-second pause to 255 ± 29 ms with 32-second pause. Steady-state APD with constant cycle length pacing was significantly smaller than that at each of the six different pause lengths used (P < 0.05).
Discussion
The major findings of this study are that with a sudden decrease in PCL (as might be seen with "burst pacing" during an electrophysiology study), APD shortens until a new steady state is reached. As PCLf is shortened, steady-state APD is shorter and interestingly the time constant of change is also shorter. When pacing using an inter-train pause (as might be seen during programmed electrical stimulation in an electrophysiology study), end-of-train APD after 3 minutes of pacing is always longer than during pacing at a constant cycle length and APD shortens with successive drive trains using inter-train pause lengths of 8 seconds or less. With both pacing protocols, 40 to 60 seconds are required to reach a new steady state.
Rate dependent changes of the action potential. Several investigators have demonstrated a significant shortening of the action potential in response to increased heart rate,^'^^"^** This shortening with an increased rate of stimulation has been associated with an increase in peak tension^"-^^ and is thought to be partially caused by an elevated intracellular (Ca^ * )i. Such an increase in intracellular calcium could shorten the action potential either by decreasing the slow inward current (I^i) or by increasing an outward curWhen the frequency of stimulation is suddenly increased, an abrupt shortening of the action potential occurs in the first few beats followed by a decremental shortening over the next few minutes.^^ The initial shortening has been attributed to an incomplete recovery of plateau conductances, whereas the slow and decremental shortening has been attributed to an increased background outward current mediated by an increased Na/K pump activity.^-^ Bassingthwaighte et al.-^' * reported an increase in outward background current following an increase in the rate of voltage-clamp stimuli, attributing the change to an increase in potassium conductance as a consequence of a rise in intracellular calcium. It would therefore be expected, as has been previ-ously shown (Table I) , that the effect of fast pacing on the cardiac membrane would be more pronounced at the shorter cycle lengths, due to an increased outward current. Similar results for endocardial MAPs in vivo were seen in this study. When comparing the steady-state APD values at all four pacing cycle lengths (600, 500, 400, and 300 ms), there was a significant shortening of the steady-state APD as the cycle length was decreased, as can be seen in Table I .
Time constant of decay of APD with increased rate. In addition to a difference in steady-state APD at different PCLs, we found that the time constant of change of the new APD was shorter with a shorter PCLf. The time to reach steady-state APD varied in a way that was similar to the time constant but the differences did not reach significance. Other investigators have examined the adaptation of APD to a new PCL but have not compared a change to different PCLf. Janse et al.^ŝ howed that after a sudden increase or decrease in pacing frequency, a steady-state value of the duration of refractoriness is reached after several hundred beats. Carmeliet^'* found that a steadystate value for the transmembrane action potential is established after 40 to 50 heats at the new pacing rate. Seed et al.,"* while summarizing the results of electrophysiology studies on 14 patients, reported that at least 3 minutes were required for a new steady-state APD to be reached following a switch to a new pacing frequency. In this study, the change in APD after a shift to PCLf was modeled as a single exponential. Both the time constants and the time to reach steady state were substantially shorter than in Boyett's study.^' This difference may reflect a difference in the tissues (dog Purkinje vs endocardial muscle fiber) as well as a difference in the technique used to calculate time constants.
The explanation for the shorter time constants at shorter PCLf is not completely clear. One potential explanation is that as the pacing rate is increased, the diastolic interval is decreased. As a result, the average time that the cells spend in a depolarized state is increased, which leads to an increased calcium loading. An increase in cytoplasmic calcium causes an increased rate of calcium inactivation which causes a shortening of the action potential. The faster the new pacing rate, the greater the calcium loading and hence the faster the rate of shortening of the action potential. Alternatively, calcium loading may cause an increase in the component of transient outward current lu, which is calcium activated. An increase in Ito causes a reduction in APD.^^'^" However, it has been shown that Ito is less prominent in the endocardium compared to the epicardium.^^'^" Since action potentials in this study were recorded from the endocardium, it is less likely that Ito will have a major effect on APD.
APD during pacing using an inter-train pause. Programmed stimulation using a PCL faster than the spontaneous cycle length and incorporating an inter-train pause is often used in both clinical and experimental electrophysiology studies to determine refractory periods and attempt to induce tachyarrhythmias. Changes in action potential using drive train pacing with an inter-train pause have not been carefully examined. However, Morady et al.^** showed in a recent study that the cumulative effect of drive train pacing with inter-train pause on the ventricular effective refractory period (VERP) persisted until the pause length was at least 20 seconds. In addition, with a short inter-train pause, APD may not reach the baseline value it had prior to drive train pacing. Hence, drive trains may result in a cumulative effect on refractoriness leading to gradual shortening of VERP. Our experiments on endocardial MAPs showed similar results. Not surprisingly, when comparing fixed rate ventricular pacing to drive train pacing incorporating an inter-train pause, APD was always shorter during constant rate pacing regardless of the magnitude of the inter-train pause. With inter-train pauses shorter than 16 seconds, there was a decremental shortening in APD in successive drive trains until between 50 and 56 seconds (depending on the intertrain pause) at which time a steady state was reached. With inter-train pauses of 16 and 32 s, there was no change in APD in successive drive trains. This is likely because the length of the inter-train pause was adequate to prevent any cumulative effect on APD of the prior drive train.
Oscillation in action potential duration during drive train pacing. Alternation in APD following a sudden shift to a faster pacing rate has been reported by several investigators.
•'^•^''•^" This alternation has been attributed to the change in degree of recovery of the membrane between consecutive stimuli. The first beat at the fast rate is preceded by a shorter diastolic interval that leads to a shorter refractory period and a shorter APD. Since pacing is periodic, the second heat at the fast rate is thus preceded by a longer diastolic interval than the first heat, and the refractory period as well as APD are consequently longer. This process repeats itself with the following beats, leading to an oscillation in APD and refractory period. In our experiments, oscillation in APD was observed in at least one drive train in all experiments with a varying degree of occurrence. Oscillation was noted in 17% of drive train APDs with inter-train pause lengths of 2 and 4 seconds. The occurrence of oscillation dropped as pause length increased to 32 seconds, but the differences were not significant. In the present study, no attempt was made to control the diastolic interval in order to correlate it with the occurrence of oscillations. ElHarrar and Surawicz^^ reported that the coupling interval of the first beat at the fast rate must be < 400 ms in order to produce oscillation in APD. With drive train pacing at 400-ms cycle length, oscillation was only infrequently observed in our experiments. The factors responsible for the sporadic occurrence of oscillation in APD during pacing incorporating an inter-train pause remain unclear.
Limitations to the current study. Although the magnitude of APDs obtained in this study were characteristic of those of ventricular muscle rather than Purkinje fibers, a contribution of Purkinje fibers or transitional cells to the MAP signal obtained in this study cannot be excluded. However, the MAP signal we obtained likely represents a true sum of endocardial electrophysiological activity in vivo. In addition, only a single ventricular site was examined in each study and differences between endocardial and epicardial action potentials or different ventricular sites cannot he commented upon. Atiother limitation of the present study is that only a single baseline drive cycle length (1000 ms) and a single drive train cycle length (400 ms) were used. The effects of different baseline and drive train cycle lengths cannot he determined from this study. Also, the time constants presented for changes in refractoriness may hear no relationship to the time constants that occur in man.
Implications for clinical eiectrophysioiogical sfudies. In order to study the recovery of excitability of cardiac tissue or to attempt to induce reentrant arrhythmias in the electrophysiology laboratory, it is customary to use a pacing protocol consisting of a train of 8 driving stimuli at cycle lengths ranging from 350 to BOO ms followed by one or more extrastimuli scantling diastole. Although several drive trains often occur prior to reaching refractoriness during scanning of diastole using a decremental method, the number of drive trains that are actually used is variable. These drive trains represent a de facto conditioning period prior to reaching refractoriness. In this study, using a similar pacing protocol and intertrain pause lengths < 16 seconds, APD did not reach a steady state during successive drive trains until a mean of approximately 1 minute in the study. However, in some experiments, up to 2 minutes were required to reach steady state. This suggests that to achieve steady state during programmed stimulation and produce consistent results in the determination of cardiac muscle refractoriness and potentially in the induction of tachyarrhythmias, the conditioning period routinely applied prior to the introduction of the premature(s) should be at least 2 minutes.
